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Abstract. We investigate recent claims for a detection of “Hawking points” (positions on
the sky with unusually large temperature gradients between rings) in the cosmic microwave
background (CMB) temperature maps at the 99.98% confidence level. We find that, after
marginalization over the size of the rings, an excess is detected in Planck satellite maps at
only an 87% confidence level (i.e., little more than 1σ). Therefore, we conclude that there is
no statistically significant evidence for the presence of Hawking points in the CMB.
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1 Introduction
The cosmic microwave background (CMB) sky is remarkably Gaussian and statistically
isotropic. Constraints on its non-Gaussianity or breaking of statistical isotropy can be used
to test models of the early Universe. There have been many suggestions in the literature for
“anomalies” or “curiosities” in the CMB data (see, e.g., Refs. [1–5] for overviews). The general
idea of such studies is to carry out phenomenological searches for unusual features, with the
hope that this might point towards some specific change in early Universe physics. There is
rarely a specific model being tested. One exception is the conformal cyclic cosmology (CCC)
proposed by Penrose [6, 7], where it is asserted that there are certain features expected in the
CMB. The exact form of these features has changed since the first CCC proposal, but in the
current version the prediction is for the presence of a special type of non-Gaussianity in the
CMB, namely “Hawking points” (hereafter “HPs”). These HPs manifest specifically as rings
on the sky with a large gradient in temperature across the width of the ring, and are stated
to be the results of Hawking radiation from black holes leaking into the current “aeon” (i.e.,
a distinct phase of a cyclic cosmology) from the previous aeon [8]. The physical mechanism
for creating such regions is not clear to us, and hence it is not obvious whether the presence
(or absence) of such features would argue for (or against) a cyclic cosmology. Nevertheless,
if we accept that this prediction exists, then we can at least carefully check whether or not
the claimed signatures occur in the CMB with substantially higher frequency than would be
expected from realizations of Gaussian skies.
An et al. (Ref. [8]) have explicitly claimed to detect an excess of HPs of a certain scale in
the Planck satellite maps of the CMB, at a confidence level of 99.98%. Given the high degree
with which the Gaussianity of the CMB has been tested [3, 9], a significant observation of
HPs on the sky would have profound implications for CMB analyses and cosmology in general,
and so such a claim deserves to be independently tested. In this work, we try to follow as
closely as possible what was done by An et al., in order to understand whether there is really
evidence for regions of the sky around which there are anomalously strong radial temperature
gradients.
2 Procedure
The procedure used here follows the methods outlined in An et al. [8] and the related
earlier paper by some of the same authors [10]. We search for an excess of HPs in the
CMB using the 2018 full-mission and half-mission (i.e., data splits that can be used to track
the noise levels) Planck data [11], specifically adopting the SMICA component-separation
procedure [12]. That is, we use the CMB map and corresponding mask found in the file
COM_CMB_IQU-smica_2048_R3.00_full.fits, which can be downloaded from the Planck
Legacy Archive.1 We compare the data with simulated CMB temperature maps generated
using HEALPix2 [13] routines from the best-fit Planck power spectrum [14]. The simulations
are generated with a resolution of Nside = 2048 and smoothed with a 5′ beam, to match the
resolution and beam of the SMICA Planck CMB maps.
HPs are places on the sky around which there is a strong radial temperature gradient.
More specifically, they are characterized by being the centres of rings on the sky that have a
large slope in the temperature across the width of the ring (see Figure 1). For an annulus of
1http://pla.esac.esa.int
2See http://healpix.sourceforge.net for more details.
– 2 –
4 2 0 2 4
x
4
3
2
1
0
1
2
3
4
y
4 2 0 2 4
x
4
3
2
1
0
1
2
3
4
y
Figure 1. Schematic for the shape of the HPs in flat-sky coordinates, with x and y in units of degrees,
and the colours representing the temperature of the CMB. The arrows show the direction of the radial
gradient around the HP, where by radial we mean outwards from the centre of the HP. The left panel
shows a positive HP in which the temperature increases outwards from the centre, and the right panel
shows a negative HP in which the temperature increases towards the centre. Both panels show HPs
for the annulus size (r1, ) = (0.01, 0.03) = (0.6◦, 1.7◦).
inner radius r1 and width  centred around the direction nˆ on the sky, we follow An et al. and
estimate the gradient in temperature across the width of the ring as
ar1,(nˆ) =
Npix
∑
i(xiTi)− (
∑
i xi)(
∑
i Ti)
Npix
∑
i x
2
i − (
∑
i xi)
2
, (2.1)
where the sums run over the (unmasked) pixels inside the annulus, Ti is the temperature of
pixel i, xi is the angular distance of pixel i to the centre of the annulus, and Npix is the total
number of pixels in the annulus.
We would like to compute the value of ar1,(nˆ) for a range of annulus sizes (r1, ), and a
large number of points on the sky nˆ for the Planck data. To obtain a set of candidate points
we simply choose the directions given by each of the 49,152 pixels in an Nside = 64 map, and
reject those pixels for which a disc of radius 0.42 radians (24◦) overlaps with the mask by
more than 99%. Since the sum in Eq. (2.1) is only performed over unmasked pixels, this
selection criterion is not strictly necessary, but it saves computation time by requiring that
the calculation be performed over fewer points, and also avoids the consideration of directions
that have very few unmasked pixels and would result in noisy estimates of the gradient.
To determine whether the data have a statistically significant excess of HPs, we need to
compare the distribution of the set of values {ar1,(nˆ)} for the data to the expected distribution,
assuming the standard cosmology. To achieve this, we compute a set of a values for the same
scales and directions for 1000 different Gaussian simulations of the CMB. We thus obtain,
for each scale (r1, ), a sample of 1000Ndir values of a, where Ndir is the total number of
directions on the sky for which we we compute a. Taking each scale in turn, we can in this
way compute an estimate of the expected probability distribution function for the random
variable ar1,. We found that adding the Planck half-difference maps as an estimate of the
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noise to the simulations did not alter the estimated probability distributions on ar1,, and so
we conclude that instrumental noise does not contribute significantly to the HP signal at the
scales we are considering.
One needs to appreciate that rings of different sizes will have different numbers of pixels
and hence different variances for the gradient. To take this into account, we define normalized
gradients aˆr1, = ar1,/σr1,, where σr1, is the standard deviation of the un-normalized a values
from the simulations. From the probability distribution, we can compute the cumulative
distribution function (CDF) for each scale, Fr1,(aˆ). Following Ref. [10], we consider the
quantities
A+r1, = −
b
Ndir
Ndir∑
i=1
log(1− Fr1,(aˆr1,(nˆi))b), (2.2)
A−r1, = −
b
Ndir
Ndir∑
i=1
log(1− [1− Fr1,(aˆr1,(nˆi))]b), (2.3)
where we take b = 10,000 as in Refs. [8] and [10]. These quantities are sensitive to an excess
of points with large positive or negative values of a, respectively. Hence maps with more
points in the tails of the distribution will have larger values of A+ and A−. Note that other
related quantities could be defined to assess the tails of the distributions instead of the above
equations – this is a choice. Using Eqs. 2.2 and 2.3 may not be the most obvious choice to
make for a statistic quantifying the tails. Nevertheless we follow exactly what was done by An
et al.
Having computed the pair of numbers {A+r1,, A−r1,} for the data and simulations for
each scale, An et al. count the number of simulations with larger values of these numbers
compared to the data, {N+r1,, N−r1,}. In this way, An et al. find that the 2015 Planck data
have a significant excess of Hawking points for r1 = 0.01 rad and  = 0.02, 0.03 rad, with a
confidence level of 99.98% (i.e., only 0.02% of simulations showed more extreme gradients
at these scales). This alone, however, is not sufficient evidence for an abnormal frequency
of HPs on the sky, especially since there is no precise prediction coming from CCC for the
scale at which we expect HPs to appear. The analysis performed in An et al. does scan over
a variety of scales, and checks whether any of these scales, individually, have an excess of
HPs. However, we would expect many simulated maps to have some scale at which they show
an apparent excess of HPs points. So, in order to make a robust claim that the data show
evidence for HPs, we must marginalize over some reasonable range of values of (r1, ). This
procedure was not done by An et al. – in the language of modern particle physics analysis
they failed to account for the “look-elsewhere effect”.
To properly marginalize over annulus scales (both radius and thickness), for each simula-
tion we define
A
+/−
i = max
(r1,)
A
+/−
(r1,),i
, (2.4)
where the index i runs over the simulations. That is, for each simulation we find the values
of A+/− that correspond to the scale with the most significant HP signal. This gives us a
sample of Nsim = 1000 values each of A+ and A−, which enables us to estimate the probability
distribution on these quantities for the most significant scales. Then, we can look to see where
the values A+/−dat for the data lie on this probability distribution, in order to determine the
significance of the Hawking-point signal, including consideration of the fact that different
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Significant Hawking points on the sky
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Figure 2. Mollweide projection of the sky with the most significant HPs plotted on top for the scales
(r1, ) = (0.01, 0.02) and (0.01, 0.03). The HPs are plotted as rings around the centre of the point,
with radius r1 + . The colours of the rings indicate the direction of the temperature gradient across
the annulus, with red indicating outwardly increasing temperature and blue indicating decreasing
temperature.
simulated skies might prefer rings of somewhat different radius or thickness. We perform
this marginalization for a set of r1 ∈ {0.0, 0.05, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04}, with
 ∈ {0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08} for each r1, where the numbers here are in
units of radians. We exclude annulus sizes such that r1 +  > 0.08, as this is the largest scale
considered by An et al. In total we marginalize over 52 scales. In principle, a full analysis
would require that we marginalize over a continuous set of (r1, ), over all of the available
parameter space. For the sake of reducing computational complexity, we restrict to the set
of parameters stated. This set, however, is still larger than the range of scales considered
by An et al., where in particular we sample the range of r1 twice as finely, and we increase
the range of  from [0, 0.04] to [0, 0.08]. Increasing the range of  allows us to test for strong
temperature gradients in discs (i.e., annuli with r1 = 0) out to a radius of 0.08. In addition to
annuli, strong radial gradients across discs are included in the CCC prediction, since HPs are
predicted to manifest as roughly Gaussian profiles centred on a particular point. Thus, an
optimal search for HPs must include a search over a broad range of discs, as well as annuli.
3 Results
An et al. [8] claim to detect a significant excess of negative HPs (in other words, hot spots) at
the scales (r1, ) = (0.01, 0.03) and (0.01, 0.02). Repeating the analysis performed by An et al.
on the Planck 2018 SMICA map, and comparing to 1000 simulations, we find that for these
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scales, A−(0.01,0.03) = 6.25 and A
−
(0.01,0.02) = 8.46, resulting in N
−
(0.01,0.03) = 0 and N
−
(0.01,0.02) = 0.
Thus, for both of these annulus radii and widths, we observe an excess of Hawking points
with a confidence of greater than 99.9% (or in other words, a “probability to exceed”, PTE, of
less than 0.1% for these scales). To get a more precise result, An et al. increase the number
of simulations for comparison to 10,000, and find, for the scales (r1, ) = (0.01, 0.03) and
(0.01, 0.02), a confidence of 99.98% and 99.99% (PTEs of 0.02% and 0.01%), respectively.
Thus, ignoring for now the issue of marginalization, we do find results in agreement with An
et al., which appear to show a significant excess of HPs in the data at the suggested scales.
We note that if we recompute the values of A− for these scales, but omit the point with
the highest value of |aˆ|, we obtain A−(0.01,0.02) = 5.50 and A−(0.01,0.03) = 4.13. Thus, about a
third of the signal at these scales comes from the single most significant points. If we omit
the two most significant points then A−(0.01,0.02) = 2.66 and A
−
(0.01,0.03) = 2.42, and the PTEs
for these scales become greater than 10%. For (r1, ) = (0.01, 0.02), An et al. find that the
most significant point is located at (θ, φ) = (2.219, 0.012), and has a significance of 4.9σ. For
the 2018 SMICA data, we find that the significance of this point at the corresponding scale
is 4.7σ, and that it is only the second most significant point in the data. We find that the
most significant point for (r1, ) = (0.01, 0.02) is located at (θ, φ) = (0.204, 2.405) and has a
significance of 4.8σ; this corresponds to the second most significant point for this scale found
by An et al. These minor disagreements between the two analyses are probably explained by
the differences in the choice of specific CMB map and mask used (although it is not made
explicit in An et al. for which data set these values are being reported), and the fact that here
we ignore masked pixels in the sum of Eq. 2.1, in addition to ignoring annuli that overlap
substantially with the mask.
Figure 2 shows the full sky with the most significant HPs for the scales (r1, ) = (0.01, 0.02)
and (0.01, 0.03) plotted as rings. We note that the significant Hawking points at these scales
do not correspond to the “Cold Spot” or other known larger-scale features in the temperature
map described in section 6.5 of Ref. [3].
Turning now to Figure 3, the left panel shows the temperature profile around the most
significant Hawking point on the sky. This point corresponds to an annulus with (r1, ) =
(0.01, 0.03) = (0.6◦, 1.7◦), and has a significance of 4.8σ and location (θ, φ) = (0.204, 2.405),
or (l, b) = (137.8◦, 78.3◦) in Galactic coordinates (which is in agreement with the location of
the most significant point found by An et al. for the same scale). As a comparison, the right
panel of Figure 3 shows an example of a more significant HP found in simulated data. We
could show many other similar HPs from the simulated skies.
To assess the statistical significance of the HPs, we need to marginalize over different scales,
i.e., allow each simulated sky to pick its favourite annulus radius and width, just as we did for
the real sky. As described in Section 2, we do this by finding the significance of the HP signal
after marginalizing over (r1, ) by obtaining A
+/−
i = max
(r1,)
A
+/−
(r1,),i
for each of the i = 1, ..., 1000
simulations. We then compare the largest value for the data, A−dat. = A
−
(0.01,0.02) = 8.46, to the
distribution of the A−i . Let F
− be the cumulative distribution function that we estimate from
our sample of values, A−i , from the simulations. Using this we find that F
−(A−dat.) = 0.87, or a
PTE of 13%. In other words, of the 1000 simulations run, 13% have a more significant signal
than the data for some scale. We thus find that when the scales are properly marginalized
over, there is no evidence for an excess of Hawking points in the CMB. We performed some
additional tests and found that if we were to further increase the range of scales that we
perform the marginalization over, or if we increased the resolution with which we sample
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Figure 3. Examples of real and simulated Hawking points. The left panel shows the most significant
HP in the 2018 Planck CMB map (specifically for SMICA). This point corresponds to an annulus with
(r1, ) = (0.01, 0.02) = (0.6
◦, 1.2◦), and has a significance of 4.8σ and location (θ, φ) = (0.204, 2.405), or
(l, b) = (137.8◦, 78.3◦) in Galactic coordinates. The point is a negative HP, meaning that the gradient
of the temperature is negative going outwards from the centre. The right panel shows a positive HP of
greater significance (5.2σ) found in a simulated CMB map. The solid black rings show the circles of
radius r1 and r1 + , between which there is the largest radial gradient, and the dashed line shows the
circle of radius r1. These images are plotted using flat-sky coordinates x and y in units of degrees.
the scales, then we would find higher PTEs, because the extended search would increase the
likelihood of finding apparent anomalies in the simulations. Since we could easily end up with
a higher (and hence even less interesting) PTE value, then we consider 13% to be a lower
limit.
4 Discussion and conclusions
The first suggestion for effects on the CMB sky from the CCC concept was for rings of low
variance [15]. These claims were quickly refuted by three independent analyses [16–18], which
showed that the original study had not properly accounted for the standard structure in the
CMB sky. There were then some counter arguments [19, 20], followed by further analysis
that showed no significant results for low-variance rings [21]. The specific claim then changed
to being for sets of concentric low-variance rings [22]. This claim was also tested, and the
significance of sets of low-variance rings was not confirmed [23]. Now there is yet another
revision of the stated CCC prediction, to high-gradient rings, rather than low-variance ones.
In this paper, we have attempted to investigate this third version of the assertion for
how CCC would manifest itself. Specifically there is the extraordinary claim that the CMB
contains an excess of rings with a large gradient in temperature across them, i.e., “Hawking
points”. We found that while, for a given scale, the CMB indeed appears to have an excess of
HPs, this excess ceases to be statistically significant once one marginalizes over the relevant
scales. We find that Gaussian simulations of the sky contain a more significant HP signal
than the data 13% of the time (more if we marginalized over a wider range of scales), so that
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the excess is only detected at about the 1σ level. Therefore, the observed HP signal does not
require one to appeal to exotic cosmologies, but can be adequately explained as a statistical
variation. The only way this conclusion could have been avoided is if a much more dramatic
set of features had been found in the first place (so that the significance would be hardly
weakened by marginalization) or if the predictions of CCC could have been made much more
precise before looking at the data.
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